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Abstract

This paper reviews results from two field studies of the nocturnal stable at-
mospheric boundary layer (SBL) over the Great Plains of the United States. Data
from a scanning remote-sensing system, a High-Resolution Doppler Lidar (HRDL),
provided measurements of mean and turbulent wind components at high spatial and
temporal resolution through the lowest 500-1000 m of the atmosphere. This data set
has allowed the characteristics of the low-level jet (LLJ) maximum (speed, height,
direction) to be documented through entire nights. LLJs form after sunset and pro-
duce strong shear in the layer below the LLJ maximum or nose, which is a source
of turbulence and mixing in the SBL. Simultaneous HRDL measurements of turbu-
lence quantities related to turbulence kinetic energy (TKE) has allowed the turbu-
lence in the subjet layer to be related to LLJ properties. Turbulence structure was
found to be a function of the bulk stability of the subjet layer. For the strong-LLJ
(> 15 m ™), weakly stable cases the strength of the turbulence is proportional to the
strength of the LLJ. For these cases with nearly continuous turbulence in the subjet
layer, low-level jet scaling, in which lengths are scaled by the LLJ height and veloc-
ity variables are scaled by the LLJ speed, was found to be appropriate. For the
weak-wind (<5 m s in the lowest 200 m), very stable boundary layer (vSBL), the
boundary layer was found to be very shallow (sometimes < 10 m deep), and turbu-
lent fluxes between the earth’s surface and the atmosphere were found to be essen-
tially shut down. For more intermediate wind speeds and stabilities, the SBL shows
varying degrees of intermittency due to various mechanisms, including shear-
instability and other gravity waves, density currents, and other mesoscale distur-
bances.

Key words: stable boundary layer, low-level jet, Doppler lidar, atmospheric turbu-
lence, turbulence kinetic energy.
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1. INTRODUCTION

The stable boundary layer (SBL), like its unstable counterpart, has been studied for
many decades, but progress in understanding and modeling it has been considerably
slower. Suppressed mixing under stable conditions allows smaller-scale features to
persist, thus complicating the flow. The suppressed vertical mixing also facilitates lay-
ering, so that near-surface measurements are often not representative of conditions
aloft. Increased stratification produces smaller, weaker, less efficient turbulent eddies,
resulting in longer time scales of adjustment to changes in larger-scale conditions. As
a result of all these factors, many aspects of the SBL are nonstationary, so that more
sophisticated analysis techniques are required to sort out the relevant processes (Vick-
ers and Mahrt 2003, Mahrt and Vickers 2006). A common theme is that the SBL is
very complex and may defy attempts at simplification. The search for overriding prin-
ciples to provide perspective in interpreting this complexity has met with limited suc-
cess, and in particular attempts to parameterize SBL processes for numerical weather
prediction (NWP) continues to be a challenge (Mahrt 1998, 1999).

Turbulence in the SBL is created by shear but is diminished by the static stabil-
ity. A cornerstone of many SBL studies is the concept of local height-independent, or
“z-less” turbulence, according to which the vertical size of the eddies is limited by the
stratification 06/0z rather than the height above the surface, so that above some height
the eddies no longer feel the effects of the surface (Obukhov 1971, Wyngaard and
Coté 1972, Wyngaard 1973). The relevant length scale is the buoyant length scale
{3 = Co,/N, which depends on the local stratification [where o, is the vertical velocity
standard deviation, &, the Brunt—Vaisala frequency, and C an empirical constant
(Brost and Wyngaard 1978)]. Following this reasoning, the concept of “local scaling”
finds that all nondimensional ratios of turbulent quantities approach a constant value
for sufficiently large values of the stability parameter z/4, where A is an Obukhov
length L defined in terms of “local” fluxes, i.e., fluxes at the level of measurement
(Nieuwstadt 1984).

Classifications of SBL structure and dynamics have been attempted, even though,
acknowledging the complexity of SBL behavior, Mahrt (1999) cautions, “Any attempt to
divide the stable boundary layer into a few classes or states...is an oversimplification”.

Classification regimes have been based on such quantities as A#/L (e.g., Holtslag
and Nieuwstadt 1986); z/L (e.g., Mahrt et al. 1998, Mahrt 1999); and bulk Richardson
number Riy (e.g., Mahrt and Vickers 2006, Grachev et al. 2005, Ohya 2001), where
h is the height of the SBL; L is the surface-layer Obukhov length; Riz=
(g/0)(AOIAZ)(AUIAzZ) = (g/0)(AOAZ)/AU?; 6 is the potential temperature; U is the
mean wind; g represents the effect of gravity; and A represents the vertical separation
across the bulk layer. Van de Wiel et al. (2002a, b) have pointed out that 4 or flux-
based schemes and those based on local gradients are based on variables that are inter-
nal to the SBL, whereas schemes based on bulk parameters across a layer (e.g., Rip)
may be based on variables external to the SBL, if the layer extends from the surface to
the top of the SBL. For many purposes, including NWP, it would be desirable to char-
acterize SBL turbulence in terms of the largest-scale external variables possible. In
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this spirit, Mahrt ef al. (2001) defined a radiation Ri by replacing the lapse rate in the
numerator with a function of the surface net radiation R,., Vogelezang and Holtslag
(1996) investigated the use of U at the top of the SBL in expressions for /4, and Banta
et al. 2003 defined a jet Ri by replacing the shear in the denominator by the quotient of
the speed and height of the low-level jet. Even more basically, the mean wind speed at
some level has been used to classify different types of SBL behavior, in much the
same manner as a stability parameter. Banta et al. (2002) found categories of consis-
tent SBL turbulence structure based on the mean LLJ speed, and Mahrt and Vickers
(2006) found a similar relationship based on the mean wind speed at 2 m above
ground level (AGL), noting a “reasonable prediction of the mean value of g, with
information only on the wind speed”. Many of the schemes tend to find three regimes,
a weakly stable regime with strong winds, a transition (often intermittent) regime, and
a strongly stable regime with weak winds and a very strong surface-based inversion.

Recently van de Wiel et al. (2002b, 2003) defined a two-dimensional space,
where one dimension is the surface stress (as a proxy for the large-scale pressure gra-
dient) and the other is the surface net radiation R,.. This scheme, in concept based
completely on external forcing variables, effectively sorts the SBLs into three regimes,
which he called the continuous-turbulence regime for the weakest stability, the inter-
mittent regime, and the radiation regime for the strongest stability.

An issue is the role of the low-level jet (LLJ) and its evolution in the develop-
ment of SBL turbulence. Bursts of turbulence observed near the surface in the middle
of the night have been attributed in some studies to late-night accelerations of the LLJ,
producing increased shear (e.g., Mahrt ef al. 2001). Also a series of studies has been
based on the premise that the height of the SBL is determined by an adjustment of the
layer toward a critical value of Riz across the SBL (e.g., Hanna 1969, Mahrt 1981,
Wetzel 1982, Vogelezang and Holtslag 1996). Measurements of LLJ evolution to test
these suppositions have been hampered by relatively coarse resolution in time and in the
vertical, and sometimes measurements are not even available below 100-200 m, where
recent studies have shown a large percentage of LLJs may exist (Banta et al. 2002).

Two recent field programs have featured new remote sensing tools designed to
document the structure and evolution of the LLJ and SBL at high resolution. One in-
strument capable of providing such measurements is the High-Resolution Doppler Li-
dar (HRDL) of the National Oceanic and Atmospheric Administration’s Earth System
Research Laboratory (NOAA/ESRL). HRDL is a scanning lidar system that was de-
ployed to the 1999 Cooperative Atmosphere-Surface Exchange Study (CASES-99)
campaign and to the 2003 Lamar (Colorado) Low-Level Jet Program (LLLJP-03) to
study SBL processes. Analysis of the lidar data from these projects has allowed the
evolution of LLJ structure to be related to the evolution and structure of turbulence
and turbulent fluxes in the SBL. Findings from these projects have provided alterna-
tive views of LLJ-turbulence interaction processes. The purpose of the present contri-
bution is to review these alternative views based on high-resolution observations of
the SBL/LLJ and to extend the analysis where necessary to provide further insight into
SBL structure and its dependence on stability. Following Mahrt and Vickers (2006)
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and Banta ef al. (2003), bulk Richardson numbers (Rip or the jet Richardson number
Ri;) will be used as the relevant stability parameter.

2. MOTIVATION AND BACKGROUND
2.1 Motivation

The need for better understanding of stable boundary layer processes arises from its
frequent occurrence. The SBL occurs during roughly half of the diurnal cycle, over
land surfaces at latitudes between the polar areas. In some key regions of the globe it
is persistent, such as over cold water surfaces and in the polar regions, which have
been identified as bellwether areas for global climate change. Surface exchange
(source or sink activity) is a critical component of budgets of many meteorologically
and climatologically important quantities, including momentum, heat, and trace spe-
cies, such as water vapor, CO,, O3, NO,, and many others. Emphasis on nighttime
chemistry in recent air-quality field campaigns (e.g., Brown et al. 2007) has brought
attention to the importance of the depth and intensity of turbulent mixing in determin-
ing reactant concentrations. Dispersion under stable conditions, overnight minimum
temperatures, nighttime fog formation, and fire weather are but a few of the practical
forecasting applications for SBL processes. Early-evening decoupling of the boundary
layer from surface friction leads to acceleration and LLJ formation (Blackadar 1957),
important for wind-energy (e.g., Kelley ef al. 2004, Emeis et al. 2007) and atmos-
pheric transport applications, such as air quality (e.g., McNider ez al. 1988, Banta et
al. 1998) and severe weather forecasting (Stensrud 1996, Song et al. 2005).

Even apart from the important applications that would benefit from a better
knowledge of the SBL, meteorology has become increasingly reliant on numerical
weather prediction (NWP) models. This is true on all scales, from relatively local,
where emergency response (including recent emphasis on “homeland security”) and
air quality are important applications, to synoptic models used in daily weather fore-
casts, and up to global, multiyear climate models, which are producing forecasts of
climate out to several decades, centuries, or more. It is therefore important for model
predictions to be as accurate as possible for these important applications. Those with
experience in verifying such predictions against observations, including the public
which relies on media forecasts, which are in turn based on model predictions, and the
operational forecasters who issue the forecasts, realize that these predictions are often
in error — and quite often at crucial times.

The sometimes questionable reliability of NWP output is only partly a resolution
issue, since even the finest-scale models have problems with some processes, such as
surface exchange and stable mixing. The larger-scale models are also susceptible to
inadequacies in the representation of radiation, land-surface interaction, cloud, and
other processes. An especially insidious effect is a result of errors of the same sign.
Even if tiny, such errors iterated over thousands or tens of thousands of time steps sig-
nificantly contaminate the solution (Tripoli, G.J., personal communication). The rep-
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resentation of SBL processes in current models produces these kinds of errors. For ex-
ample, Zhong and Fast (2003) simulated a well measured case study using three dif-
ferent mesoscale models (MM5, RAMS, and meso-Eta), and all three exhibited a
significant cold bias and other erroneous trends, when compared with near-surface
measurements. Results such as these demonstrate that this is not a problem that form-
ing ensembles of models is apt to cure, because models tend to use the same basic ap-
proach to many physical parameterizations (differing in detail), depending on the
current state of the art (Mahrt 1998). Limitations of current modeled nocturnal SBL
processes mean that the more nocturnal cycles in a model run, the greater the error in-
troduced by these errant processes. It should be a high priority to repair these faulty
model processes, or if not repairable (e.g., by inability to use required spatial resolu-
tion), to accurately assess the error being introduced by the inappropriate representa-
tions of the processes.

2.2 LLJ definition

In contrast to the jet stream, which is a maximum in the wind-speed profile at the top
of the troposphere, a low-level jet is a wind maximum in the lower troposphere, usu-
ally in the lowest 1 to 1.5 km AGL. The definition of a LLJ varies from study to study,
depending largely on the application being addressed, but also dictated by limitations
of the data set (Bonner 1968, Hoecker 1963, Mitchell et al. 1995, Stensrud 1996,
Whiteman et al. 1997, Banta et al. 2002, Zhong et al. 1996, Song et al. 2005). For ex-
ample, in studies where advection of material (water vapor, pollutants) is important,
the strongest and deepest wind-speed maximum, which may be 400-1000 m AGL,
would be the appropriate feature to define as a LLJ. In these cases, to qualify as a LLJ,
a wind maximum may be required to have a peak speed of at least 2 m s™! greater than
winds at levels both above and below the maximum or nose (e.g., Andreas et al.
2000). In some studies, a minimum wind speed requirement for qualification as a LLJ
has also been imposed.

For our investigation of nocturnal LLJs, the most basic requirement is an accel-
eration of the wind profile over daytime mixed-layer speeds late on the previous after-
noon. Since we are interested in the depth of the surface-based turbulence layer, it is
very important to include those cases where the surface shear may be relatively weak
but is still strong enough to generate such turbulence, and therefore, to include all
cases where LLJ generated turbulence can affect surface fluxes. We experimented
with definitions where decreases of 0.5, 1.0, and 1.5 m s™' above and below the jet
nose were required for a LLJ, with little difference in results (Banta et a/. 2002). No
minimum speed is imposed.

2.3 SBL depth

The BL depth /# has been a controversial issue. One can recognize three aspects of this
problem: the definition of BL, determination or measurement of /4, and modeling 4.
For purposes of this study the most fundamental definition of boundary layer will be
that layer adjacent to the Earth’s surface that interacts with the surface via turbulent
fluxes over a period of about an hour, corresponding to one of the definitions sug-
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gested by Beyrich et al. (1997), Seibert et al. (2000), and Balsley et al. (2006). The
SBL is a special case of BLs, so properties that characterize BLs are also shared by
SBLs. The one hour time condition allows the definition to apply even to intermittent
BLs, such as the very stable BL (Smedman 1988, Mahrt and Vickers 2006, Banta et
al. 2007), which will be described in greater detail in Section 3.2. The top of the BL is
a level of minimum to negligible turbulence and fluxes, which isolates the rest of the
atmosphere from the BL, as indicated in idealized profiles of BL structure derived
from conceptual models developed empirically (e.g., Fig. 1 and right panel of Fig. 2).

Determination of /4 from measured data depends on what kinds of data are avail-
able. Ideally # would be determined from vertical profiles of turbulent quantities. In
this study such high-quality turbulence profile measurements are available, so they
will be used to determine /4. The minimum in the profiles of turbulence variables was
routinely observed at a level above the surface, so this level is taken to represent the
BL top, consistent with the idealized profiles (e.g., Figs. 1-2).
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Fig. 1. Schematic profiles of heat flux H, vertical velocity variance o

w2

and friction velocity u,

showing “traditional BL” structure. Shaded portion marked S represents the stable boundary
layer, and the region above marked Q represents a quiescent layer of weaker turbulence aloft.
See color version of this figure in electronic edition.
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Fig. 2. Schematic profiles of: normalized mean wind speed U(z)/U, showing LLJ structure
(left), and normalized standard deviation o(z)/U, showing minimum at z/Z, = 1 (right).
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In general, however, 4 has been diagnosed from vertical profiles of various mean
quantities, such as 6(z), wind speed U(z), moisture, aerosol, and many others, largely
because profiles of turbulent quantities have been difficult to obtain and are thus often
unavailable. Indicators of # from mean profiles, such as inversion depth, or depth of
the layer of high moisture or aerosol concentrations, are a result of surface-based tur-
bulent mixing processes, and thus may or may not reflect the basic turbulence-based
definition of the BL. Profiles of some quantities indicate effects related to processes
other than turbulent mixing. For example, radiative flux divergence is important in the
formation of @ profiles, which can produce inversions that extend above /. Larger-
scale pressure gradients, which may affect U profiles within the BL, may include a di-
urnal height-dependent evolution especially near mountainous terrain, seacoasts, or
other land-use boundaries. Moreover, in practice all profiles are susceptible to hori-
zontal advection. Therefore, profiles of mean quantities must be interpreted with cau-
tion, as pointed out by Beyrich (1997), Seibert et al. (2000), and others.

Because turbulence profiles are not routinely available, it is worthwhile to con-
sider and evaluate the use of more convenient measurables in determining /. During
the CASES-99 and Lamar projects we observed that the minimum in turbulent vari-
ance profiles calculated from HRDL scan data corresponded very closely to the height
of the LLJ nose Z, (Fig. 3). On that basis we associated the LLJ height Z, with the top
of the SBL 4. This relationship is in accord with Mahrt et al. (1979), who called the
height of the jet maximum the “top of the momentum boundary layer”, based on rou-
tinely observing a maximum in the gradient Ri at that level, as calculated from rawin-
sonde data taken during several field projects. The jet nose thus sits at the top of a
layer of strong shear that is intimately interrelated to the strong BL turbulence. Be-
cause of this tight relationship between the surface-based layers of high turbulence and
strong shear, the mean shear profile could therefore also be used as a diagnostic for 4 in
the SBL, by noting at what level the shear first becomes small (e.g., Balsley et al. 2006).

Wind-speed profiles often exhibit multiple maxima, so we have specified the first
local maximum in the wind profile above the surface layer as Z,, which is intended to
represent the top of the surface-based shear layer. The wind profile has often been ob-
served to be nearly linear between the top of the surface layer and Z,. However, we
also noted some profiles regularly exhibited a sharp decrease or discontinuity in the
shear at some level below Z, (see Fig. 4). Although these profiles tended to occur dur-
ing times of transition, the corresponding turbulence profile showed well developed
SBL vertical structure with a top of the SBL at the height of the discontinuity in the
shear. This suggests a further refinement or generalization of the definition of the SBL
height as the height of the first peak negative value above the surface layer of the cur-
vature or second derivative & U/0z".

Finally, modeling the SBL depth, which is important for NWP applications, is
another way that / can be expressed in terms of more conveniently measured vari-
ables. Several diagnostic formulations have been proposed. The widely used expres-
sion & = c(Lu./ f)"'* (Zilitinkevich 1972), subsequently generalized by Zilitinkevich and

Mironov (1996), uses variables in the surface layer, which can be measured by tower-
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mounted instrumentation. Recently Steeneveld ef al. (2007) used dimensional analysis
to generate other formulations for /4, some of which were found to perform well.
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Fig. 3. Scatter diagram of height z(c,,,) of the minimum in the o,(z) profile versus height of
LLJ maximum Z, (from Banta et al. 2006).
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Fig. 4. Profiles showing a change in shear with height in the mean wind profiles (left panels)
and the resulting cap in the strong turbulence at that level (right panels, streamwise variance),
for (a) 06:50 UTC 5 September 2003, (b) 06:40 UTC 15 September 2003.

A different approach to modeling % has been to use a bulk Ri across the SBL, and
assume that the SBL adjusts its depth to maintain a critical value of that Rig
Ri,. =(g/0)AOLIU; , (1)

where Ripc is the critical bulk Ri, /4 is the top of the BL, and U, is the wind speed at /
(Hanna 1969, Mahrt 1981, Wetzel 1982, see Vogelezang and Holtslag 1996). Assign-
ing a value to Ripc allows (1) to be solved for 4 in terms of the differences in 6 and U
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across the bulk layer. Thus an important question addressed in many of these studies
is, what is the appropriate constant value of Rizc, to which the SBL heights adjust?
This issue will be further discussed later.

The height of the LLJ maximum Z, was found to be correlated to the speed of the
jet maximum U, (Banta et al. 2002). We also found Z, to correspond to the height 4 of
the turbulent SBL. Our Z,-U, correlation thus agrees with Vogelezang and Holtslag
(1996), who found, using data from the 200-m Cabauw tower in the Netherlands, that
the wind speed at the top of the SBL was well correlated with the SBL depth 4, with a
correlation coefficient of 0.85. They did not, however, find 4 to be well correlated
with the surface layer friction velocity u., with a correlation coefficient of only 0.49
for the same dataset, and 0.69 for a somewhat larger dataset. Attempts to relate sur-
face-layer u. to U at the top of the SBL yielded poor correlations (Vogelezang and
Holtslag 1996, Banta et al. 2006), the former reference finding a correlation coeffi-
cient of 0.44. Anecdotally, Mahrt (personal communication) has long observed that
measured turbulence variables in the stable surface layer (especially u.) are very er-
ratic and often poorly related to gradients because of the variety of processes occur-
ring there (see Mahrt and Vickers 2006, p. 36; Banta et al. 2007, and 2006, p. 2709),
but above the surface layer the SBL may be much better behaved. This would explain
why better correlations are obtained with wind speed or other variables above the sur-
face layer than with u., which is measured within the atmospheric surface layer. It
may explain some of the scatter in some of the diagnostic formulations for 4. It also
suggests that the wind speed at the top of the SBL may prove to be a better velocity
scale for the determination of SBL height than . .

2.3 Instrumentation, datasets, and analysis techniques

The results described in this review were obtained from two field experiments in the
Great Plains of the United States. The following description has been excerpted from
Banta et al. (2006).

The CASES-99 field campaign consisted of a significant deployment of surface,
airborne, and remote-sensing instrumentation to study the nocturnal stable boundary
layer, as described by Poulos et al. (2002). One of the instruments deployed was the
high-resolution Doppler lidar (HRDL) described by Grund et al. (2001) and Wulf-
meyer et al. (2000). HRDL emits and receives backscatter from IR-light pulses, which
are used to probe the aerosol-backscatter and Doppler-velocity structure of the atmos-
phere. The range of HRDL during CASES-99 was generally 1-2 km, the spatial reso-
lution of the velocity measurements was 30 m in range, and the velocity precision was
~10 cm s'. HRDL data have been used in CASES-99 studies of LLJ and turbulence
structure (Banta et al. 2002, 2003, 2006, 2007), atmospheric waves (Blumen et al.
2001, Newsom and Banta 2003, Fritts et al. 2003, Sun et al. 2004), density currents
(Sun et al. 2002), late-afternoon near-neutral boundary-layer structure (Drobinski et
al. 2004, 2007), and as a dataset for demonstrating four-dimensional variational data
assimilation (4DVAR) techniques for Doppler lidar (Newsom and Banta 2004a, b).
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HRDL was also a key instrument in the Lamar Low-Level Jet Project of 2003
(LLLJP-03), which was organized to investigate nocturnal SBL winds at a site being
developed for wind energy. The formation of LLJs during nighttime is very important
to wind-energy operations, providing enhanced wind speeds to drive the turbines.
However, significant nocturnal bursts of turbulence can also adversely impact turbine
hardware (Kelley ef al. 2004). To address these issues, a late-summer field project was
organized in early September 2003 at a High Plains location south of the town of
Lamar in southeastern Colorado (Kelley et al. 2004, Pichugina et al. 2004, Banta et al.
2004). LLLJP-03 instrumentation included a 120-m tower instrumented at 4 levels and
a 3-component Doppler sodar operated over two summers, and HRDL, which was de-
ployed from September 1 through 16. The tower instruments included three-axis sonic
anemometers mounted at heights of 54, 67, 85, and 116 m to provide three-component
wind and temperature data at a sampling rate of 20 Hz, and mean temperature and
wind data were taken at 2 Hz at 2 m. Nighttime HRDL data were collected from local
sunset (~01:00 UTC) until 10:00-12:00 UTC, which was just before sunrise.

Bulk Richardson numbers were calculated from the tower data as described in
Banta ef al. (2003). The vertical differences in the bulk Ri calculation were determined
from 1-min means of sonic anemometer data between the 25- and 55-m levels of the
CASES-99 tower and between the 54- and 85-m levels of the Lamar tower. Gradient
Ri values were also computed between adjacent levels of the CASES tower above
15 m and between adjacent levels of the Lamar tower. These Ri values generally tend
to vary little with height and are about equal to the bulk value, as a result of the
roughly linear profiles of U and € between the top of the surface layer and Z,, as pre-
viously noted.

The lidar scanning procedure generally employed during CASES-99 and LLLJP-03
was to perform repeated elevation (“vertical-slice”) scans aligned with the mean wind di-
rection for periods of 10-20 min or more. The mean wind direction was determined in
real time by first performing 360° conical azimuth scans and then using the velocity-
azimuth-display (VAD) technique (Browning and Wexler 1968, Banta et al. 2002).

A full 360° conical scan typically took ~2 min to complete, and the vertical-slice
scans, about 30 s or less, depending on the resolution desired and thus the scanning
speed selected. An example of vertical-slice scan data from the Lamar project is
shown in Fig. 5. In general the data exhibited a LLJ maximum (e.g., in Fig. 5, it is at
~350 m). Analysis of the elevation-scan sequences consisted of assigning measure-
ment data to vertically stacked bins at a constant height interval Az, then averaging
over all data in each of the horizontally oriented bins (as on Fig. 5). For profiles of the
mean wind, bins of Az=5 or 10 m have provided estimates that agree well with wind
speed profiles from towers, radar wind profilers, and balloon-borne anemometry. This
agreement was routinely independent of the temporal averaging employed. However,
for estimating the streamwise variance o; in the stable, strongly sheared nocturnal
conditions during these projects, Banta ef al. (2006) and Pichugina et al. (2008) found
that smaller vertical binning of Az=1m was required for agreement with tower-
measured streamwise variances or TKE.
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Fig. 5. Vertical-slice scan for 03:33 UTC on 9 September 2003 during the Lamar project, illus-
trating the vertical binning procedure. Vertical axis is height (km), horizontal axis is horizontal
distance from the HRDL position at (0,0), which is to the left of the plot, and the color bar in-
dicates wind speed (ms"). Means and variances were calculated over data within each horizon-
tal band and assigned the height of the midpoint of each band to form vertical profiles. Width
of each band Az depicted here is 30 m for illustration, but actual intervals used for analysis
were 10, 5, and 1 m (from Banta ef al. 2006). See color version of this figure in electronic edi-
tion.

For the tower data from the CASES and Lamar datasets, TKE was calculated
over l-min intervals, and 10-min means were then calculated by averaging 10 con-
secutive 1-min values, analogous to the procedure devised and recommended by Vick-
ers and Mahrt (2003). For the vertically binned HRDL data, temporal averaging was
also applied using 5- and 10-min intervals. Regression analysis of the 5-min data
yielded correlation coefficients 7 of better than 0.75 for the entire dataset, and exceed-
ing 0.8 for several individual nights of the study (Pichugina et al. 2008).

Comparisons of HRDL versus tower turbulence measurements pitted the vari-
ance component o, against the total TKE on the tower. Banta ef al. 2006 found using
data from published SBL experiments that o} is proportional to TKE, and that in fact,
the proportionality constant is approximately 1 for stable conditions. Although further
investigation is warranted, these calculations indicate that o, and TKE should be
nearly interchangeable in the SBL. o7 measured here is at least the major component
of the TKE.

Another factor is directional shear in the LLJ flow. In the stronger-wind Great
Plains cases studied here, veering with height occurred, but was routinely less than 30°
across the subjet layer, which is not enough to affect the conclusions drawn here.
When larger veering occurred, it was often associated with nonstationary or baroclinic
conditions. Slow veering in time was also noted, qualitatively consistent with the iner-
tial oscillation (Lundquist 2003). This veering was routinely from a southeasterly di-
rection (150-160°) just after sunset to a southwesterly direction (220-230°) eight hours
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or so later. This veering was slow enough that it did not seem to affect the equilibrium
between turbulence and mean-SBL structure, as argued by Caughey et al. (1979) and
Nieuwstadt (1984) for other forms of large-scale nonstationarity.

Advantages of this dataset are that Doppler lidar scan data are available at ~30-s
intervals. The individual 10-min profiles are averages over data from many scans ob-
tained during the interval, and they therefore represent more than 30-s “snapshot” pro-
files from individual scans. Having such averaged profiles available for entire nights
provides the ability to observe the evolution of the LLJ structure and SBL turbulence.

3. REGIMES OF SBL-TURBULENCE INTERACTION

Plots of TKE as a function of different forms of bulk Ri revealed three regimes as
shown in Fig. 6, a strong-wind weakly stable boundary layer (wSBL, indicated W) at
small Ri, a weak-wind, very stable boundary layer (vSBL, indicated S) at large Ri, and
a transitional regime (shaded vertical region) in between (Banta et al. 2003, 2006,
2007). The two forms of bulk Ri in these studies are a bulk Ri defined over a layer
somewhere between the surface layer and Z,, and the jet Ri, in which the shear in the
denominator is estimated as U,/Z,. The U(z) and 6(z) profiles have been found often to
be roughly linear between the top of the surface layer and Z, for these datasets, so that
Rip and Ri, tend to be nearly equivalent (except that sometimes Z, is difficult to deter-
mine when the wind-speed profile is nearly constant above the surface-shear layer).
Other implications of the near-linear profiles is that Rip is generally independent of the
levels over which it is evaluated, so long as those levels are between the surface layer
and Z,, and Rig was about equal to the gradient Ri’s within that same layer.
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Fig. 6. Plot of TKE versus bulk Ri from Banta et al. (2006). TKE data were from near the top
of the CASES-99 60-m tower, and Ri was calculated between the 5 and 55 m levels on the
tower. TKE data were averaged for Ri intervals of 0.05 using the same data and technique as
in Banta et al. (2003). Curved solid line connects the median values of TKE for each Ri bin,
and vertical error bars indicate +1 standard deviation for data in each bin. W indicates the
weakly stable regime considered in this study, and S denotes the strongly stable regime. The
vertical shaded region shows the approximate extent of the transitional regime.
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3.1 Strong LLJ: the weakly stable BL

An example of the evolution of the wind-speed profile on a night with a strong LLJ is
shown in Fig. 7. For these datasets, strong-wind nights are those nights when the LLJ
speed exceeds 15 m s! at some time during the night (Banta et al. 2006). Using the
high temporal resolution of the HRDL scan data, the evolution of the wind profile can
also be documented on a time-height plot (Fig. 8). On the night in Fig. 8, the speed
and height of the jet continued to grow through the night, but many nights more re-
sembled Fig. 7, where the speed accelerated for the first 2-3 hr during the evening
transition period and then became relatively steady or slowly varying for the rest of
the night (Fig. 9).
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Fig. 7. Serial hourly-averaged profiles of the developing LLJ on 5 September 2003, calculated
from HRDL scan data. Profiles that extend to lower altitudes were from time periods when
lower-elevation scanning was being performed. See color version of this figure in electronic
edition.

The acceleration of the LLJ after sunset produces strong shear in the layer below
the jet. It is of interest that, as the LLJ in Fig. 7 grows in speed and height, the subjet
shear remains about the same, i.e., the speed profiles are roughly linear and nearly
parallel to each other. This shear in the subjet layer is strong enough to generate turbu-
lence, strongest near the surface and with minimum values at the top of the SBL,
which Mabhrt (1999) refers to as ‘traditional’ BL structure (Fig. 2, right). In our stud-
ies, this minimum in turbulence at the top of the layer closely coincides with the nose
of the LLJ, where the vertical shear goes to zero, as described in Section 2.3, indicat-
ing that the height of the LLJ maximum speed should be regarded as the top of the
SBL (at least from the viewpoint of the vertical extent of surface-based turbulence and
mixing). Figure 2 illustrates schematically this relationship between the mean and tur-
bulent profiles, where the heights are scaled by the LLJ height Z, and velocities are
scaled by the maximum jet speed U,. An example of the relationship between the LLJ
height and turbulence using HRDL data over an entire night, for the same night as in
Fig. 7, is given in Fig. 10, which shows a time-height plot of o, with the height of the
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LLJ (+ signs) superimposed. Similar plots for 15 September 2003 (the night shown in
Fig. 8; Pichugina ef al. 2004) and 6 September 2003 (Emeis et al. 2007) show this
same behavior. The LLJ nose appears to cap the stronger turbulence in the subjet

layer.
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Fig. 8. Top Time-height cross section of wind speed for 15 September 2003, calculated from
HRDL scan data. Color bar at top indicates wind speed in m s™!. Bottom Hourly-averaged wind
profiles corresponding to times in the top panel; asterisk symbols indicate peak LLJ speed and
height, and horizontal dotted line in each profile extends from 5 to 25 ms™'. Vertical axis is
height above ground in both panels. Shorter profiles represent data from shallower scans.
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Fig. 9. Time series U, for the four strong-wind study nights of the Lamar 2003 study.
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Fig. 10. Time-height cross section of streamwise velocity variance o, for 5 September 2003
with the height of the jet Z, superimposed (black + signs). Color bar at top indicates o}, values
in m°s™. LLJ height estimates (+) during blank periods are from conical scans using VAD
processing, for which o” estimates are not available but Z, can be determined.
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Fig. 11. Composite mean profiles of (a) normalized wind speed U(z)/U,, and (b) normalized
streamwise standard deviation o, (z)/U, for profiles where the maximum o, was at the surface
(SX: Surface maXimum). Error bars represent plus/minus one standard deviation of the plotted
variable calculated from the composite sample (from Banta et al. 20006).

HRDL-scan velocity data were binned and averaged over 10-min intervals. The
10-min profiles were then used to form composite vertical profiles, as described in
Section 2.4, after scaling by U, and Z,. An example of the composite profiles for the
data sample with traditional BL structure is shown in Fig. 11. The fit of the o, data
(right panel), as indicted by the one-standard-deviation error bars, appears quite good
for atmospheric turbulence data. The fit of the U(z) profiles is also very good, but less
impressive, because it is constrained to pass through (0,0) at the bottom and (1,1)
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at Z,. Profiles of ¢, normalized by U, were also compared against those where ,(z)
was scaled by the surface-layer friction velocity u., the traditional scaling for turbu-
lent momentum variables. The fit of the U,-scaled profiles was better than the fit of
those scaled by u., especially near the height of the LLJ maximum and also near the
surface — where u. is measured (Banta ef al. 2006).

In addition to marking the top of the surface-based turbulent layer, therefore, Z,
is also an effective scaling depth for mean and turbulence variables. Thus, associating
Z, with the top of the SBL seems appropriate from both perspectives.

The turbulence profiles in Fig. 2 and Fig. 11 show a maximum of ¢,/U, at the
surface decreasing with height, but many profiles were also found with a layer of
some depth having constant ¢,/U, below the LLJ, and many more with a maximum
above the surface, usually at heights of about 40-80 m AGL (Banta et al. 2006). The
latter profile shape means that near the ground, the magnitudes of TKE or other turbu-
lence quantities increase with height (Smedman et a/. 1993, 1997, Mahrt and Vickers
2002, Banta et al. 2002, Balsley et al. 2006), which Mahrt (1999) has called an ‘up-
side-down’ boundary layer structure, because the primary source of turbulence ap-
pears to be aloft instead of at the surface (Fig. 12). Although LLJ structure was
evident in the mean-wind profiles for all cases, a difference in stability was noted be-
tween the sample of profiles exhibiting traditional turbulence structure and those with
upside-down structure. The traditional sample had a mean bulk Ri of 0.15, and the up-
side-down sample was somewhat more stable, with a mean Riz of 0.19, a difference
found to be statistically significant. The mean for the sample with a constant o¢,/U,
layer was between the other two at 0.17 (Banta et al. 2006). This dependence of pro-
file shape on stability has also been noted in wind-tunnel studies of the stably stratified
BL (Ohya et al. 1997, Ohya 2001).

A somewhat surprising aspect of the composite o,/U, profiles is the maximum
value near the surface, which is shown in Fig. 11 to be 0.05. This value was the same
for all stratifications of the dataset tried, including composites of each of the six indi-
vidual nights of the sample and that for the composite of the entire dataset (Banta et
al. 2006). A survey of previous studies for which g, and U, could be determined re-
vealed a mean value of this ratio over all these studies of 0.04, which was regarded as
good agreement. Another way of stating the relationship expressed by this ratio is that
the maximum of g, below the jet is 5% of U,, indicating that the peak turbulence mag-
nitudes below the LLJ are controlled by the speed of the LLJ, or equivalently, by the
difference in U across the subjet layer.

Time series of several variables for the same night as in Figs. 7 and 10 are shown
in Fig. 13, which illustrate the behavior seen on many strong-wind nights, as follows.
The LLJ speed (top panel) levels off after ~02:00 UTC (about 2 hours after sunset) —
after the evening transition period, showing some variation after 06:30 UTC. The
height of the jet is more variable. The subjet shear and lapse rate (middle panel) also
level off after the transition period, exhibiting random-appearing variations about a
steady mean value for most of the night. The bulk Ri (bottom panel) also remains rela-
tively steady after the transition period at a value of just greater than 0.10, with small
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variations. It is difficult to make a case that the variations of Z, are clearly an adjust-
ment to bring Riz back to a critical value, but if such a value existed, all strong-wind
nights examined indicate that it would have to be ~0.11-0.12. Although Ri was near
this value for much of the evening, on some nights after ~08:30 UTC (1% or 2% hours
after local midnight), Riz became even smaller as a result of a late-night drop in the
lapse rate.

"TRADITIONAL" Boundary Layer - Source of TKE at surface - Upward transport by turbulence

Z & Z A 7 A
W30
TKE
_— ————
TKE = +

"UPSIDE DOWRN" Boundary Layer - Source of TKE aloft - Downward transport by turbulence
Z ZA Z 4
TKE w3<0

—_— ———i
TKE = +

Fig. 12. Schematic structure of traditional boundary-layer (top) versus upside-down boundary-
layer (bottom) according to criteria of Mahrt and Vickers (2002), i.e., that TKE (or other veloc-
ity variances) increase with height and o, is negative through the upside-down layer. Left pan-
els show mean horizontal wind-speed profiles with turbulence regions shaded; center panels
show TKE or velocity-variance profiles; and right panels show vertical turbulent transport of
TKE (“triple-correlation”) term in TKE budget, of which o;,is a component (from Banta e al.
2000).

In summary, the use of a new remote sensing tool, the High-Resolution Doppler
Lidar, has enabled turbulence measurements to be made in layers above those nor-
mally accessible to tower-mounted instrumentation, and this has produced an alterna-
tive view of the strong-wind SBL. Some implications of these findings are:

Q The LLJ is an integral part of the wSBL.

a LLJ properties, including speed and height, must be measured in field projects
studying the SBL.

a NWP models must properly represent the LLJ speed, height to calculate accu-
rate turbulent fluxes “for the right reasons”.
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a Turbulence near the surface below the jet is primarily controlled by large-
scale meteorological processes, which determine the LLJ speed.

Q The turbulent SBL below the LLJ has properties of a similarity boundary
layer in which the mean-wind speed and height of the top of the SBL, which
generally corresponded to the LLJ maximum, are the appropriate velocity and
height scales for both mean and turbulent quantities.
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Fig. 13. Top panel Time series of U(*) and Z(+) calculated from 10-min average HRDL pro-
files; (middle panel) mean shear (*) and lapse rate (+) calculated from sonic anemometer data
for the 54-85-m layer on the 115-m tower at Lamar. Bottom panel Rip (*) calculated from
54 to 85 m differences in tower data, and Ri; (+) calculated from both HRDL and tower data,
5 September 2003.

3.2 Weak winds: the very stable BL

When the winds in the lowest 200 m are light (probably less than ~5 m s™! for our arid
Great Plains data set), strong surface cooling is confined to a shallow layer of the at-
mosphere, producing very strong stability. For example, Rig values in excess of 20
were observed on a relatively calm night during CASES-99 (cf. Fig. 5 of Banta et al.
2003). Although these conditions are often associated with calm or light-and-variable
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winds at the surface, Banta et al. (2007) found that vertical profile shapes could persist
in the winds above the surface for periods of 1 hr or more. Since these profiles often
exhibit jet-like structure even though the peak speeds could be less than 2 m s, it is

reasonable to generalize that these strongly stable BLs tend to be associated with weak
LLJs.
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Fig. 14. Profiles of 60-min averaged u. and H, from sonic anemometers on the 60-m CASES-
99 tower, averaged according to the Vickers and Mahrt (2006) procedure, showing traditional
BL structure beneath quiescent layer for hours beginning 04 and 07 UTC (22 and 01 CST)
(solid, dashed) on 18 October 1999: (a) friction velocity u., and (b) kinematic heat flux H
(from Banta et al. 2007).
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Fig. 15. Thermocouple time series (7 in °C, obtained at 5 Hz) at 6 levels of the CASES-99
tower for (a) 26 October 1999, and (b) 20 October 1999. On 20 October the significant cooling
at the upper tower levels starting at ~08:00 UTC (and very evident after 09:30 UTC) was a re-
sult of an air-mass change and increased wind speeds. Measurement heights were 0.63 m,
11.3m, 20.3 m, 29.3 m, 40.1 m, and 50.9 m (from Banta et al. 2007)
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The SBL in these instances is often less than 25 m deep, and may be less than
10 m deep (Smedman 1988, Mahrt and Vickers 2006, Banta et al. 2007), as shown in
the CASES-99 tower data in Fig. 14. The turbulence in this shallow SBL is weak and
intermittent, and is best studied using specialized analysis procedures that account for
the nonstationarity of the processes (Vickers and Mahrt 2003, Mahrt and Vickers
2006). Also shown in Fig. 14 is the fact that in the layer just above the shallow SBL,
the turbulent fluxes become so small as to be negligible. The effect of this second
“quiescent” stratum above the shallow BL was demonstrated using high-frequency
temperature 7 data from the CASES-99 60-m tower (Fig. 15). The T traces at the
lower tower levels, which were within the shallow SBL, show cooling and large-
amplitude fluctuations. The upper tower levels were in the quiescent layer aloft, and
those traces show dramatically reduced fine-scale structure and the temperature level-
ing off for several hours in the middle of each night — an indication that cold air near
the surface was not being mixed up to the higher tower levels. Thus, although the pre-
vailing view has been that some mixing occurs between the surface and the atmos-
phere due to one mechanism or another in the vSBL, these tower data do not support
this view. In these cases, a quiescent layer completely isolates the surface from the
atmosphere above the shallow SBL (Fig. 16). This suggests that for NWP applications
the appropriate lower boundary condition for fluxes, representing the interaction
between the surface and the atmosphere, may be to allow these fluxes to approach or
become equal to zero (Banta ef al. 2007).

Fig. 16. Schematic representation of shallow BL, S, quiescent layer Q, and atmosphere above
quiescent layer A, showing the vertical relationship between the two lowest atmospheric layers
(S and Q) and the atmosphere above A. The region A (which may include the remnants of the
previous afternoon’s mixed layer and the free atmosphere) is not addressed in this study, but
most likely consists of many layers itself, at least some having intermittent turbulence. The im-
portant finding was that in the vSBL atmospheric properties at the surface or in S are not trans-
ported by any means up into region A (from Banta et al. 2007).
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Several nights with marginally stronger winds were available in the CASES-99
data set. In Banta et al. (2007) the same kind of vSBL structure just noted was found
for most hours of these nights, but with interruptions by intermittent mixing events.
For example, a night with a 7 m s! jet exhibited propagating gravity-wave and den-
sity-current activity (18 October 1999: Sun et al. 2002, 2004), and another night with
a 9 m s jet was interrupted by a traveling shear-instability (Kelvin—-Helmholtz-type)
wave packet (5 October 1999: Blumen et al. 2001, Poulos et al. 2002, Newsom and
Banta 2003). This dataset thus suggests a progression with decreasing stability, in
which a two-stratum (shallow BL plus quiescent layer) vSBL structure forms on
nights when winds are less than 5 m s below 200 m, but then, as wind speeds increase
from nights having 6 ms™ LLJs to those with 10 ms™! jets, this structure is interrupted
by increasing occurrence, intensity, and perhaps duration of intermittent disturbances,
as well as changes in the character of those disturbances.

3.3 Intermediate / transition SBL

Continuing the progression to wind speeds greater than 10 m s™', a night witha 12 m s™
jet began with vSBL structure, but then featured a strong downward burst of turbu-
lence and upside-down structure for several hours starting at ~02:00 LST (08:00 UTC)
on 14 October 1999 (Balsley et al. 2006, Banta et al. 2007). This case illustrates the
behavior seen on nights when LLJ speeds were between about 10 and 15 m s™'. Early
in the evenings the boundary layers exhibit the very stable structure, but after several
hours — between about 23:00 and 02:00 LST — a downward burst of strong turbulence
and mixing typically occurs, lasting a few hours. For example, Fig. 17 shows this kind
of “bursting” activity between 05:00 and 08:00 UTC (23:00 and 02:00 LST) on 21 Oc-
tober 1999, a CASES night with an 13 m s'. LLJ previously described by Banta et al.
(2002) and Ha and Mahrt (2001). This type of activity during CASES-99 has been
documented during the 14 October case already mentioned (Balsley et al. 2006,
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Fig. 17. Time-height cross section of o2 for the CASES-99 night of 24 October 1999 (UTC),
showing bursts of turbulence below the LLJ between 06:00 and 08:00 UTC. Colorbar shows o,
scale in m” s (Banta et al. 2002).



STABLE-BOUNDARY-LAYER REGIMES 79

Banta et al. 2007), and also found on the nights beginning at 00:00 UTC on 23 Octo-
ber (Mahrt and Vickers 2002) and 27 October 1999. Previous studies (most recently
van de Wiel et al. 2002a) have noted that this transitional regime is the one character-
ized by a cycle of stabilization and acceleration-destabilization that produces intermit-
tent turbulence. Further study of the nights with this intermittent behavior is needed.

4. DISCUSSION: POTENTIAL IMPLICATIONS

The findings reviewed in the previous section have emphasized a low-level-jet view of
the SBL. The basic behavior of the turbulence in the subjet layer is a function of a
bulk or jet Ri. Vigorous mixing and traditional BL structure were noted at the weak
stability, small Ri extreme and a shallow, weakly turbulent BL with no surface-
atmosphere turbulent interaction prevailed at the strongly stable, large Ri extreme. Be-
tween the two extremes we noted a regime of various degrees of intermittency near the
critical value of Rip or Ri,, in agreement with other classification schemes in the litera-
ture. The transition behavior appears to lie between Rip or Ri, values of about 0.2 and
0.3 (Fig. 6; Banta et al. 2003).

Within the strong-jet, wSBL regime, modest increases in stability produced an
elevation of the maximum in the turbulence profile from the surface (traditional struc-
ture) to a level ~40-80 m above the surface (“upside down” structure). This behavior
could be associated with the tendency of the cases with modestly increased stability to
be associated with lower jet speeds, and therefore smaller TKE (and associated turbu-
lent fluxes) near the surface, than the weaker-stability, stronger-LLJ cases. The 8 pro-
file near the ground, on the other hand, is controlled by the surface energy budget,
which consists of processes resulting both from forcing external to the SBL and from
processes within or at the lower boundary of the SBL.

The externally forced terms in the surface energy budget — net radiation and ex-
change with the ground or canopy surface — are independent of wind speed and thus
would be the same in both cases (assuming clear skies and similar soil moisture, vege-
tation, and other conditions at the lower boundary). The surface energy budget could
be expressed as (neglecting evaporation and dew or frost formation, i.e., latent-heat ef-
fects):

00, /0t +(0<w@>/0z), =R, +Fg , ()

where 6, is the potential temperature at the roughness height, <w6> the kinematic heat
flux, R, the net radiation, and Fg the heat flux into the ground or canopy layer. The
terms on the right side are the externally forced terms, representing a cooling poten-
tial. The left side of the equation can be viewed as a response within the SBL to the
external forcing. Here for a given value of the cooling potential, a smaller contribution
by the term representing a flux to the atmosphere would mean greater surface cooling
in time, and greater static stability. Thus, nights with somewhat weaker jets, larger Ri,
and weaker near-surface turbulent fluxes would have colder surface temperatures, lar-
ger static stability in the lower part of the subjet layer, and greater buoyant suppres-
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sion of TKE and other turbulence quantities. Because 06/0z is strongest near the sur-
face, the suppression of turbulence would also be strongest there leading to smaller
values of TKE near the ground, increasing with height as 06/0z becomes smaller. The
shift to a peak in turbulence above the surface (“upside-down” structure) at slightly
larger Rip in the wSBL is thus attributed to a reduced contribution by turbulent heat
fluxes on the left side of (2), requiring stronger cooling for a given value of the right
side. This enhanced cooling produces greater stability and greater suppression of the
turbulent fluxes at the lowest levels of the subjet layer.

The observations have shown that subjet turbulence magnitudes are proportional
to U, The explanation for this could be that stronger jets systematically produce
stronger shear, but this is not supported by the observations: stronger jets tend to be
higher so that the shear is often about the same magnitude between periods with strong
jets (> 15 ms) and those with more moderate jet speeds (9-14 m s™) (e.g., Fig. 7, also
Banta ef al. 2003). If the shear varies little, the alternative explanation for the relation-
ship between turbulence and U, is that the large-eddy size (or mixing length) scales
with the layer depth, i.e., Z.. The argument would be that the larger eddies in the
deeper, stronger-jet SBLs would be mixing air at greater vertical separation having
greater differences in U, even though 0U/0z was similar. This implication that the tur-
bulence scales with the jet height and thus “feels” the depth between the surface and
the level of the LLJ maximum would seem to contradict z-less and local similarity
arguments.

5. CONCLUSIONS

Mean wind and turbulence data obtained in the lowest kilometer of the atmosphere
from two field projects over the U.S. Great Plains have allowed the mean and turbu-
lent structure of the nocturnal LLJ to be documented at vertical resolutions of 10 m or
less with individual ‘instantaneous’ profiles available at time intervals of as little as
30 s, which were then averaged over 5, 10, or 15-min intervals. Composite analyses of
the profiles of the mean wind speed and the streamwise variance o;, which was argued
to be equivalent to TKE for stable conditions, produced well-defined profiles with rea-
sonably small scatter when heights were normalized by the height of the LLJ and ve-
locity variables, by the speed of the jet maximum. This “LLJ scaling” has been
effective for the wSBL and for the transitional, intermittent SBL during periods when
downward bursts of turbulence were occurring.

The analyses also showed that the near-surface maximum of ¢, is proportional to
the wind speed at the nose of the LLJ, with a proportionality factor of 0.05. Shear was
not found to be systematically different between strong-jet cases with weak stability,
and somewhat weaker-jet cases with modestly stronger stability, as the stronger-jet
cases tended to be associated with higher jets. It was noted that this dependence of
turbulence magnitude near the surface with LLJ speed may imply that the large-eddy
dimensions (or mixing lengths) scale with the depth of the layer between the surface
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and the jet maximum, and that this appears to conflict with the local scaling concept,
which holds that the large eddy sizes are controlled only by the local stratification.

The search for simplifying points of view for interpreting SBL behavior has
achieved some apparent success at the strong-wind, weak stability extreme and at the
weak-wind, very stable extreme. The results in the previous two paragraphs describe
findings for the former regime, which was found to be characterized by traditional,
similarity BL structure for the cases with the weakest stabilities. This type of boundary
layer seems to be well represented by a basic stably-stratified wall flow, and labora-
tory measurements have shown reasonable success in reproducing the behavior we
found here. The latter, strongly stable extreme was characterized by a very shallow
boundary layer, with the exchange between the surface and the atmosphere above the
shallow boundary layer shut down by an essentially “dead layer” of extremely weak
turbulence just above the shallow BL. The regimes between the two extremes are
characterized by varying degrees and types of intermittency. Moving in stability (Rip
or Ri;) space (or alternatively with decreasing wind speed) from the weak-stability,
high-wind extreme with a surface maximum of turbulence variables, the turbulence
structure first begins to exhibit an elevated maximum, displaced above the surface as
the near-surface turbulence and fluxes become weaker. With further increase in stabil-
ity, the downward turbulence transport occurs in intermittent bursts, as the bulk Ri ap-
proaches critical. Even further stabilization produces intermittency that is weaker and
in shorter bursts, as the vertical component of the turbulence becomes suppressed with
respect to the horizontal components. As the Rip increases past critical, the “collapse”
of the SBL and vertical component of the turbulence becomes literal, as the depth of
the weak, intermittently turbulent boundary layer only reaches on the order of 10 m
for the very stable case. Van de Wiel (2003) points out that this one-dimensional
analysis is only valid for constant and relatively strong surface cooling R,., and that
the regimes are also a function of R, or the surface cooling potential, which is
strongly controlled by cloud cover in general.

A further aspect of these studies is that stability regimes could be discerned using
the speed of the LLJ U,. The category boundaries found here probably are related to
strong surface thermal forcing and resultant strong stability near the surface routinely
found in this relatively arid region at night. In other studies currently under investiga-
tion, there are some indications that in moister locations, the category boundaries shift
to smaller values of U,, emphasizing a need to consider the stability 06/0z, which is of
course included in Riz or Ri,; categorization.

U, is an external dynamic variable, with respect to the SBL. Defining a stability
variable, such as Rip also requires a thermodynamic stratification expression. The ap-
propriate external thermodynamic variable, to characterize the stability, in some stud-
ies has included the net radiation at the surface (Mahrt et al. 2001, van de Wiel 2002b,
2003), but van de Wiel (2002a) has pointed out that the heat flux into the ground or
canopy layer is also an important external process in the surface energy budget, so it
seems important to include both ‘cooling potential’ terms in defining an external sta-
bility variable.
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Of course the subject of discussion is the stable boundary layer of the atmos-
phere, and the straightforward idealized picture of even the extreme regimes is ob-
served to be interrupted by various kinds of traveling disturbance, which Mahrt refers
to as mesoscale disturbances (e.g., Mahrt and Vickers 2006). These are not mixed out
as they would be during daytime, because of the suppression of mixing by the stable
stratification. Even on strong-wind nights, variations in the speed of the LLJ are noted,
and at times a layer of cold air has been observed to be advected in at low levels, per-
haps from nearby lower-level terrain, shutting off the surface turbulence, and compli-
cating the simple idealized picture of SBL evolution we are trying to develop. As the
Rip nears “critical”, intermittent processes may be either imported mesoscale distur-
bances or may be reflecting internal dynamics of the SBL. Such nonstationary proc-
esses probably need to be studied on a case-by-case basis to answer important
questions, such as: What is the role of these disturbances in the evolution of mean
vertical profiles — do they pass through leaving the basic SBL structure essentially
unchanged, or do they perform significant vertical mixing?
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